Abstract -In order to analyse the effects of different front shapes to sailing resistance acting on AUVs(autonomous underwater vehicles), four different front revolving shapes of AUVs are designed with the aid of 3D parametric design software Solidworks, empirical formula and computational fluid dynamics software CFX are used to analyse and calculate the sailing resistance of four schemes, and comparing the results in two ways, eventually get the reasonable scheme with small sailing resistance and large effective space. Based on the analysis and comparison, under the condition of the same length and the length to diameter ratio, the sailing resistance acting on AUV is smallest when the stem shape of AUV is the complete parabolic curve, and the friction resistance is the main part of the total resistance when AUV is at low velocity. This conclusion is of great significance to the shape design of AUVs.
I. INTRODUCTION
For the past 30 years, with the development of microelectronics, computer, artificial intelligence and new technologies, and the needs of Marine engineering and military, AUV has developed rapidly. With advantages such as small volume, light weight, low noise, good concealment, low cost and easy to carry [1] , AUV is attracting increasing attention around the world and is widely used in marine scientific investigation, offshore oil development, underwater survey, surveillance and reconnaissance, and military fields. Due to the restraint of energy, its range of activity is correspondingly limited. There are many kinds of mini AUV in the world. According to the incomplete statistics from AUVAC (Autonomous Underwater Vehicles Application Centre), at present, there are about 128 types of AUV platforms. In these different types of AUV platforms, due to the differences of their tasks and working environments, as well as the design style of the R&D (Research & Development) teams and technology accumulations, the shapes of the AUVs have a variety of different forms which can be roughly divided into revolving type, flat type, et al [2] , as is shown in Fig.1 . The revolving type is in the majority, such as American AUSS, REMUS series of AUV, Bluefin-12, Autosub in the UK, Canada ARCS of AUV, Theseus AUV, Explorer AUV, Shenyang institute of automation, Chinese academy of sciences CR01, CR02, et al. Although the revolving AUVs are in the majority, the shapes of revolving AUVs are different; especially the front shapes of AUVs. Taking the front shapes of REMUS100 AUV, Theseus AUV, Hugin100 and Bluefin-21 as references, four types of fronts of mini AUVs are designed, and an analysis of the sailing resistance characteristic is made with the computational fluid dynamics software CFX. Through analyzing and comparing the simulation results of the four kinds of s when AUV is navigating, the influence law of the front shape to the sailing resistance is gotten, which has an important guiding significance for the design and optimization of AUVs.
II. DESIGN OF AUV
The shape of AUV is defined as the shape of the envelope to present its outermost shell [3] . To design the front shape of an AUV, the following principles and requirements usually should be taken into consideration: (1) small resistance and good navigation performance; (2) large internal space and facilitate the overall arrangement; (3) good manufacturability.
At present, the differences between shapes of AUVs mainly concentrated on the front of AUV. So according to the design principles and requirements of AUV, in the length and the length to diameter ratio of AUV same case, represented by the front of REMUS100 AUV, Theseus AUV, Hugin100 AUV and Bluefin -21, four schemes of the front shapes are designed. The short diameter of the stern elliptical shape of Fig.2 . The scheme has the advantages of processing low cost and large effective space, but the hydrodynamic characteristic is poor relatively [4] . The front shape of the scheme is adopted by REMUS100, CR01, CR02, etc. Scheme two: the short diameter of the front elliptical shape of AUV is 100 mm, and the long diameter is 200 mm, as is shown in Fig.3 . Compared with scheme one, the hydrodynamic characteristic is improved, but the effective space is less and the processing cost also is increased [5] . The front shape of the scheme is adopted by Canada Theseus, UK Autosub, etc. Scheme three: the height of the front cone shape is 200 mm and the base circle radius is 100 mm, as is shown in Fig.4 . Processing cost of the scheme is cheap, but its effective space is small and the hydrodynamic characteristic is relatively poor. The front shape of the scheme is similar to Norwegian Hugin100, etc. Scheme four: the height of the front table shape is 100 mm, the base circle radius is 100 mm, and the tip circle radius is 50 mm, as is shown in Fig.5 . Effective space of the scheme is large, and processing cost is less, but the hydrodynamic characteristic is relatively poor. The front shape of the scheme is adopted by REMUS 600, Bluefin-21, etc. 
III. ESTIMATION OF SAILING RESISTANCE
For there being no accurate formula to calculate the sailing resistance, experiment or empirical formulas are used to estimate the resistance in the scheme design phase. When AUV is sailing, if its depth is more than the total length of AUV, the wave-making resistance is close to 0, so the total resistance R of AUV can be expressed as the sum of frictional resistance R f and pressure resistance R PV .
A. Frictional resistance R f
R f is a function of Reynolds number Re, associated with wet surface, usually includes two parts: one part of R f is caused by the viscosity of water, and the other part is caused by the roughness of the surface of AUV. There are several commonly used tablet frictional resistance formulas [6] as follows:
(a) Schoenherr formula 10 0.242 log ( )
Or when Re is equal to 10 6 ～10 9 , 
Where Re is the Reynolds number, Re=VL/ν; L is the length of AUV, m; ν is the kinematic viscosity coefficient of fluid, m/s 2 ; C f is the frictional resistance coefficient; ρ is the density of fluid, kg/m 3 ; S is the wet surface area, m 2 ；V is the velocity of AUV, m/s; Attention should be paid that (1), (2) and (3) are suitable for the turbulent boundary layer while Beth Rudge formula is suitable for the laminar boundary layer.
Re is calculated to be 3.6X10 6 , where V=2m/s, L=1.6m, ν=8.9X10 
IV. SIMULATION CALCULATION OF SAILING RESISTANCE
The four kinds of model which are designed by Solidworks are imported into the Pointwise to mesh and define boundary conditions, as is shown in Fig.6 . The mesh is adopted by unstructured grid, and the boundary layer and control field is built near the surface of AUV. The computational domain is set to hexahedral shape, its size is 43DX20DX20D, where D is the diameter of AUV. The computational domain is extended 15D in front of the leading edge of AUV, 20D behind the stern of AUV, 10D above and below the AUV surface [7] . Four kinds of related parameters of AUVs are shown in table II. CFX parameter is set as follows [8] : in order to analyze the linear sailing resistance characteristics of AUV, regardless of the rotating flow or the flow of the large area of the boundary layer separation problems, the k-turbulence model is used to simulate the AUV in sailing motion in this example [9] . In the heat transfer model, the Isothermal model is adopted and the temperature is set as 25℃; The boundary conditions are considered at various boundaries, for inlet-velocity inlet with velocity that varies from 0.5 to 2 m/s with an increment of 0.5 m/s, for average static pressure outlet condition (0Pa), for wall with no slip condition and water-wall with free slip condition. All parameters of convergence residual are set as 10 -6 , the max iteration is 200, and the rest of the parameters keep the default settings.
Hydrodynamic calculation of the above four schemes is analyzed and calculated using the computational fluid dynamics software CFX. Fig.7 shows the pressure contours of four schemes at 2 m/s. Fig.8 shows the pressure and differential pressure changes at different velocities. Fig.9 shows velocity distribution of the fluid near AUV at 2 m/s.
(1) Scheme one V=2m/s (2) Scheme two V=2m/s (3) Scheme three V=2m/s (4) Scheme four V=2m/s Fig.7 the surface pressure distribution of AUV Fig.7 depicts that maximum pressures of the four schemes appeared in the stem of AUV at 2 m/s, and the closer it gets to the bottom of the stem department, the smaller the pressure. The pressure on the central outside surface of AUV basically remains unchanged. The pressure distribution in the stern of AUV is similar to stem section, the closer it gets to the stern, the larger the pressure. The surface pressure distribution of four schemes in other velocities is similar to Fig. 7 . Fig.8 The surface pressure and differential pressure difference variation of AUV As is observed in Fig.8 , when the velocity increases, the maximum pressure increases and the minimum pressure decreases for the four schemes. The maximum pressures of scheme one, two and four are nearly identical, while the maximum pressure of scheme three is smaller than the other three schemes in the case of the same velocity. The gap between the minimum pressures of the four schemes becomes bigger with the increase of velocity. Under the same velocity, the minimum pressure of scheme three is minimal while the minimum pressure of scheme two is maximal. The differential pressure of four schemes also increases with the velocity increasing, and the differential pressure of scheme two is minimal, scheme three is maximal.
As is observed in Fig.9 , when the four schemes are at 2 m/s, fluid state around the stem and stern of AUV change obviously, while the central fluid status near AUV is stable. The velocity of stem fluid of scheme 2 is minimal (2.284m/s), while scheme three is maximal (2.718m/s).
(1) Scheme one V=2m/s (2) Scheme two V=2m/s (3) Scheme three V=2m/s (4) Scheme four V=2m/s Fig.9 the velocity distribution of AUV Table 3 lists the calculation results of sailing resistance and frictional resistance coefficient of the four schemes at different velocities. Variation tendency of friction resistance R f , pressure resistance R PV and total resistance R are shown in Fig.10 . Table III shows that in low velocity stage, the main part of the total resistance R is the friction resistance R f , the emulational friction coefficient is consistent with the frictional resistance coefficient calculated by empirical formula. Fig.10 shows that frictional resistance R f , pressure resistance R PV and total resistance R increase with the velocity increasing and they have the similar change trend. The gap of frictional resistance R f at different velocities is not big, while the gap of pressure resistance R PV is gradually increasing with the velocity increasing for the four schemes. Pressure resistance R PV of scheme two is minimal, and scheme three is maximal. Considering the effect of friction resistance R f and pressure resistance R PV among the four schemes comprehensively, the total sailing resistance of scheme two is minimal, and those of the other three schemes are close to each other. Compared with scheme one, the total resistance of scheme two decreases by 11.6%, 11.2%, 10.2%, 9% respectively, for V= 2 m/s, 1.5 m/s and 1 m/s, 0.5 m/s; Compared with scheme three, the total resistance of scheme two decreases by 16.3%, 15.2%, 13.7%, 11.6% respectively, for V= 2 m/s, 1.5 m/s and 1 m/s, 0.5 m/s; Compared with scheme four, the total resistance of scheme two decreases by 7.8%, 5.3%, 4.8%, 4.7% respectively, for V= 2 m/s, 1.5 m/s and 1 m/s, 0.5 m/s. Combined with the effective space of the front AUV, three schemes is basically the same except scheme three. After the comprehensive consideration, scheme 2 is an ideal design which meets the small sailing resistance and larger effective space.
V. CONCLUSION
With the aid of empirical formulas and computational fluid dynamics software CFX to calculate and analyze the sailing resistance of the four schemes whose shapes are most common for the mini revolving AUV at home and abroad, the influence law of the front shape to the sailing resistance is gotten: under the condition of the same length and the length to diameter ratio, when the front shape of AUV is the complete parabolic curve, the sailing resistance is smallest, also confirm that the viscous resistance is the main part of the total resistance when AUV is at low velocity. This conclusion has guiding significance for design the shape of AUV.
